Abstract HOXB13 (G84E) was reported to significantly increase risk for prostate cancer. The goal of the current analysis was to assess the prevalence of G84E in ethnically-diverse highrisk men undergoing prostate cancer screening and place the carrier frequency within the context of prevalence estimates from reported studies to gain insight into the future role of this mutation in genetic counseling. PRAP is a prostate cancer screening program for unaffected men ages 35-69 with a family history of prostate cancer or African descent. HOXB13 G84E was genotyped by pyrosequencing in 649 PRAP participants with available DNA. Prevalence of the mutation was calculated for PRAP and for reported studies and exact binomial confidence intervals were generated. Prevalence of the G84E mutation in non-African PRAP men was 0.73 %. When placed in context of the literature, this was higher than reported controls. One G84E mutation carrier was notably of Hispanic background. While the HOXB13 G84E mutation may be rare, there may be a future role in genetic testing for this mutation after further studies of clinical utility in assessing prostate cancer risk.
Introduction
Men with a family history of prostate cancer and African American men are at increased risk for developing prostate cancer (Cancer Facts and Figures 2013) , with subsets at increased risk of aggressive disease and/or death from the disease (Bigler et al. 2011; Powell et al. 2010; Brandt et al. 2009; Hemminki et al. 2011) . Screening studies in high-risk men (i.e. men with a family history of prostate cancer and African American men) have found that approximately 10 % of high-risk men will be diagnosed with prostate cancer at a mean age of 56.5 years and at an average interval of 2 years after starting screening (Giri et al. 2007 ) with cancer detection rates of 2-15 % (Giri et al. 2007; Catalona et al. 2002) . While the risk for prostate cancer is increased in this group, many high-risk men undergo biopsies with no cancer detected based on prostate-specific antigen (PSA) criteria, incurring potential risks of biopsies. There is a need to better refine risk estimates for prostate cancer among high-risk men in order to provide individualized screening recommendations based on predicted risk.
Several genetic alterations have been reported to associate with prostate cancer risk, but the application to high-risk men or the clinical utility has been limited/uncertain. BRCA1 and BRCA2 mutations have been reported to raise the risk for prostate cancer in males from families with hereditary breast and ovarian cancer syndrome (HBOC) (Ford et al. 1994; BCLC 1999; Liede et al. 2004 ). However, mutations in these genes have not been shown to significantly account for prostate cancer in multi-case prostate cancer families (Zuhlke et al. 2004) . Furthermore, there is very limited information of BRCA mutations and prostate cancer risk in African American men. Thus genetic testing for BRCA mutations for prostate cancer susceptibility is not clinically indicated for unaffected men from prostate cancer families or for African American men. Genomewide association studies (GWAS) have identified approximately 80 genetic variants associated with prostate cancer risk (Eeles et al. 2013) . These variants identified from GWAS are relatively common in the population and modestly raise the risk for prostate cancer (Hindorff et al. 2009 ). However, due to their poor discriminative ability for risk for prostate cancer or for aggressive disease, panels of GWAS-identified markers have been determined to be of uncertain clinical utility at the present time (Pomerantz and Freedman (2013) .
Recently, a recurrent mutation in HOXB13 (G84E) was identified to significantly increase the risk for prostate cancer particularly among families with prostate cancer (Ewing et al. 2012) . A large confirmatory study from the International Consortium of Prostate Cancer Genetics which included 2, 443 prostate cancer families confirmed this finding (Xu et al. 2013) . In particular, HOXB13 (G84E) was identified in~5 % of prostate cancer families (meeting features of hereditary prostate cancer) of European ancestry and was associated with an approximate 4-fold increase in risk (Xu et al. 2013 ). Other studies have confirmed and further characterized this mutation for prostate cancer risk. One study reported findings that G84E appears to be restricted men primarily of Northern European descent (Chen et al. 2013) . A recent pooled analysis including HOXB13 G84E results published in European Americans found an overall mutation frequency of 1.34 % among cases and 0.28 % among controls (Witte et al. 2013 ). The overall odds ratio for prostate cancer comparing HOXB13 G84E carriers vs. non-carriers was 4.86, and increased to an OR of 8.41 among men diagnosed with prostate cancer at age ≤55 years. HOXB13 G84E mutation carriers have been estimated to have a 33 % lifetime risk for prostate cancer in one study (Karlsson et al. 2012) . Thus, this mutation may have a future role in providing high-risk men, particularly men with a family history of prostate cancer, with individualized risk for prostate cancer to inform prostate cancer screening recommendations in order to individualize prostate cancer screening strategies.
The goal of this descriptive analysis was to assess the prevalence of HOXB13 G84E in ethnically-diverse high-risk men undergoing prostate cancer screening and place the carrier frequency within the context of prevalence estimates reported from studies in the literature to gain insight into the potential future role of this mutation in genetic counseling and genetic testing for high-risk men. The cohort for this study was the Prostate Cancer Risk Assessment Program (PRAP)-a prostate cancer screening and research program for high-risk men with 60 % African American participation (Giri et al. 2007 ).
Methods

Prostate Cancer Risk Assessment Program (PRAP)
PRAP was established in 1996 to provide prostate cancer screening for men at high-risk for prostate cancer and to perform research into genetic susceptibility to the disease (Giri et al. 2007 ). Eligibility for PRAP include any man between ages 35-69 years without a previous diagnosis of prostate cancer with one first-degree relative with prostate cancer, 2 second-degree relatives with prostate cancer on the same side of the family, or any African American man regardless of family history. Accrual to PRAP is ongoing and participants are followed longitudinally for prostate cancer screening and cancer detection. This analysis includes participants consecutively accrued to PRAP from 1996 to 2009 with complete clinical and genotype data. The PRAP study is approved by the Institutional Review Board at FCCC.
Screening Approach in PRAP
Participants undergo annual prostate cancer screening, which includes the total PSA, digital rectal examination (DRE), and estimation of PSA velocity. Prostate cancer detection rates in PRAP and cancer characteristics have been described in detail previously (Giri et al. 2007 ). Current biopsy criteria include: (1) PSA greater than 2.0 ng/ml, (2) PSA 1.5 to 2.0 ng/ml with fPSA 25 % or less, (3) any abnormality on DRE or (4) PSAv 0.75 ng/ml/year. All biopsies are transrectal ultrasound guided 5-region biopsies with additional biopsies obtained at physician discretion.
Genotyping of HOXB13 G84E
DNA was isolated from blood samples collected from PRAP participants and stored per standard operating procedure in the Biosample Repository Facility at FCCC. Genotyping for the G84E mutation was performed using pyrosequencing. Primers were synthesized by Integrated DNA Technologies (Coralville, IA). Primer sequences are available on request. The forward primers were biotinylated to facilitate singlestrand DNA template preparation. Reactions were prepared using Choice Taq Blue Mastermix (Denville Scientific Inc.), 10 μM of each primer, and 20 ng of genomic DNA according to manufacturer's instructions. Thermal cycling conditions are available upon request. The biotinylated PCR product was immobilized on Streptavidin-coated Sepharose High Performance beads (GE Healthcare.) The beads were captured with the PyroMark Q96 Vacuum (Qiagen) generating singlestranded DNA suitable for pyrosequencing. The template DNA was deposited into the pyrosequencing reaction plate containing the sequencing primer, according to manufacturer's instructions. The sequencing-by-synthesis reaction of the complementary strand was automatically performed using PyroMark Gold Q96 reagents (Qiagen) and the PSQ 96MA instrument (Qiagen) at room temperature. SNP assignment and quality assessment of the raw data was performed using PyroMark Q96 Software (Qiagen.)
Statistical Methods
The number of mutations reported within self-reported ethnic groups was first determined, and subsequently the main analysis was limited to participants with non-African American ancestry who had G84E genotype data available since no African American men tested positive for the G84E mutation. To summarize clinical and pathologic characteristics of the cohort, we calculated means, medians, ranges, and percentages. The prevalence of mutations was calculated as the percent known positive in the cohort, and because mutations were rare, we generated confidence intervals using the Clopper-Pearson exact binomial method (Clopper and Pearson 1934) . For comparison, we also calculated prevalences and confidence intervals based on the number of mutations found in previously published studies, also using the exact binomial method. Statistical analyses were performed using STATA (version 12.1) and R (version 3.0.1).
Results
At the time of this study, 649 out of 777 PRAP participants (83.5 %) had DNA available for analysis. Genotype data was available for 248 White participants, 375 African American participants, 6 Hispanic men, and 20 with self-reported race as "other". Consistent with previous studies reporting low carrier frequencies in African Americans (Ewing et al. 2012; Witte et al. 2013) , none of the African American participants were found to carry the G84E mutation; therefore, we only describe characteristics and carrier frequency for G84E for non-African American PRAP participants. Table 1 shows the characteristics of the 274 non-African American participants included in this analysis. As seen in Table 1 , the mean age at entry into PRAP for non-African American participants was 50 years, and 80 % of this group returned for follow-up. All of these men reported a family history of prostate cancer. Prostate cancer was diagnosed in 15 % of this group, with the mean age at diagnosis of 58.5 years. The median Gleason score was 6, with a range of 5-7.
Two of the 274 non-African American participants were found to carry the G84E mutation in HOXB13, with a carrier frequency in this high-risk group of 0.73 %. Of interest, one of the participants found to carry the G84E mutation was of selfreported Hispanic ethnicity. The pedigrees of these two PRAP participants found to carry the mutation are shown in Fig. 1 . Of note, the first participant did not have a strong family history of prostate cancer. Participant #2 had a stronger family history of prostate cancer with his father and paternal uncle with prostate cancer reportedly diagnosed in their late 50's.
This carrier frequency of 0.73 % from PRAP was placed in context of prevalence estimates from studies in the literature (Ewing et al. 2012; Chen et al. 2013; Witte et al. 2013; Karlsson et al. 2012; Laitinen et al. 2013; Xu et al. 2013; Stott-Miller et al. 2013; Akbari et al. 2012; Kluzniak et al. 2013; Schroeck et al. 2013; Cybulski et al. 2013) . Figure 2 shows the forest plot of carrier frequencies of the G84E mutation from reported studies. As can be seen from Fig. 1 , the highest carrier frequency is observed in prostate cancer cases from Scandinavia, with prevalence estimates of 3.5 %-6.25 %. Cases from the US/European ancestry rank second as a group in carrier frequency, with estimates in the range of .57 %-3.4 % depending on the study. The highest carrier frequency in controls has been reported from Sweden, with prevalence of 1.4 % (Karlsson et al. 2012) . However, the majority of controls have been reported to have a carrier frequency of 0-0.51 % (Fig. 1) . Based on this overview, non-African American men in PRAP with a family history of prostate cancer are intermediate in the carrier frequency spectrum between controls and Scandinavian cases. Thus, though the mutation is rare, these findings may support future genetic testing for the G84E mutation in HOXB13 to men with a family history of prostate cancer who are of nonAfrican ancestry.
Discussion
Men with a family history of prostate cancer have traditionally been considered to be at increased risk for the disease as a group, with estimates of risk for prostate cancer ranging from 1.7 to 5.5 fold above population level depending on number of affected relatives and age at diagnosis (Zeegers et al. 2003 ; PSA prior to diagnosis, mean (range) ng/mL 3.99 (1.50-22.50) Gleason score, median (range) 6 (5-7)
a PSA missing on 1 participant b DRE data missing for 5 participants Kicinski et al. 2011) . However, at the individual level, family history lacks precision when informing prostate cancer screening decisions and strategies. Previous screening studies from high-risk cohorts have shown that approximately 10 % of high-risk men will be diagnosed with prostate cancer (Giri et al. 2007 ). Therefore, a substantial proportion of men with a family history of prostate cancer may undergo unnecessary intensive screening. Personalized approaches to predicting risk for prostate cancer has potential to inform prostate cancer screening and management at the individual level. After several years of research, the G84E recurrent mutation in HOXB13 was identified as an alteration strongly predisposing to prostate cancer risk particularly in families with a prostate cancer history and for families with early-onset disease (Ewing et al. 2012) . This finding was confirmed in a large international study including 2,443 hereditary prostate cancer families (Xu et al. 2013) . Since the initial publication, several studies have been reported from various cohorts to better characterize this mutation and the risk associated with prostate cancer development. In particular, G84E appears to increase the risk for prostate cancer in men with a family history of prostate cancer and of Northern European descent (Xu et al. 2013; Chen et al. 2013; Witte et al. 2013; Karlsson et al. 2012; Laitinen et al. 2013; Stott-Miller et al. 2013; Akbari et al. 2012; Kluzniak et al. 2013; Schroeck et al. 2013; Cybulski et al. 2013) . Since there is a spectrum of prevalence of the G84E mutation based primarily on strength of family cancer history and ancestry, our study was performed among high-risk men in a US cohort to describe the prevalence of G84E and place the findings in the context of reported studies of G84E in order to gain insight into the potential future role of G84E in prostate cancer risk assessment particularly for high-risk men.
The overall carrier frequency among non-African American PRAP participants with a family history of prostate cancer was 0.73 %. Of interest, one participant with the mutation was of self-reported Hispanic origin, the first to our knowledge. Our study did not find this mutation among African American participants, which is consistent with prior studies (Ewing et al. 2012; Witte et al. 2013) . Overall, the a Participant #1 b Participant #2 Fig. 1 Pedigrees of Two HOXB13 G84E+ PRAP Participants. a Pedigree of Participant #1 with G84E mutation shown by arrow who has father with prostate cancer at age 80. The proband is of self-reported Hispanic origin. b
Pedigree of Participant #2 with G84E mutation showing father and paternal uncle with prostate cancer at younger ages of onset carrier frequency of 0.73 % in men with a family history in PRAP was higher than published controls (Ewing et al. 2012; Chen et al. 2013; Witte et al. 2013; Laitinen et al. 2013; StottMiller et al. 2013; Akbari et al. 2012; Kluzniak et al. 2013; Schroeck et al. 2013; Cybulski et al. 2013 ). While PRAP is not fully representative of the US male population, our findings might indicate that a certain percentage of unaffected men with a family history of prostate cancer will carry the G84E mutation. Further population-based studies describing penetrance as well as the impact on screening for prostate cancer based on G84E carrier status are needed to gain insight into how this mutation will play a role in prostate cancer risk assessment for high-risk men. One limitation to note is that the two PRAP participants with the G84E mutation have not returned for follow-up, and therefore their cancer status is unknown.
The information gained from the review of carrier frequencies lends insight into the probability of carrying the G84E mutation to inform future genetic counseling approaches for men interested in prostate cancer risk assessment. While the clinical utility of G84E needs to be further defined, future counseling will likely need to factor in the following information in order for men to make an informed decision regarding whether to proceed with genetic testing for HOXB13 G84E:
(1) approximately 1-6 % of men studied have been found to carry G84E, with the highest carrier frequency of 6 % in men of Scandinavian origin, (2) the lifetime risk for prostate cancer conferred by the mutation has been reported to be approximately 35 %, (3) controls from prior studies have also been found to carry the mutation, so understanding of the penetrance of the mutation is still evolving, and (4) studies focused on prostate cancer detection and outcomes among male HOXB13 G84E mutation carriers are needed to inform optimal prostate cancer screening strategies in this group.
Conclusion
Approximately 1 % of unaffected Caucasian men with a family history of prostate cancer in our cohort were found to carry HOXB13 G84E. While this mutation is associated with prostate cancer risk particularly among men with a family history of prostate cancer and with early-onset disease, the role in decision-making for prostate cancer risk assessment remains to be determined. Unaffected male carriers stand to potentially benefit from further research focused on the clinical utility of G84E. 
